In situ bioremediation of a contaminated vadose zone requires implementing hydraulic and chemical conditions that stimulate the development of indigenous bacteria capable of degrading contaminants in the subsurface. We investigated enhanced biostimulation of a gasoline-contaminated deep vadose zone through nutrient-and O 2 -amended water infiltration. A vadose zone monitoring system (VMS) provided real-time observations of the treatment process's effect on hydrocarbon attenuation. The VMS data included continuous measurements of variations in water content, concentrations and isotopic compositions of methyl tert-butyl ether and benzene, toluene, ethylbenzene, and xylene in pore-water and gas phases, and concentrations of O 2 and CO 2 in the vadose zone gas phase. Real-time observations from the unsaturated zone enabled interactive adjustment of the remediation strategy and improved biostimulation conditions for biodegradation of the target compounds. In the course of three infiltration events that included infiltration of an O 2 -and nutrient-enriched water solution, a significant reduction in contaminant mass was observed across the unsaturated zone.
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Vadose zone pollution by contaminants originating from gasoline is a widespread problem due to frequently occurring surface spills and leaks from underground gasoline storage tanks. When released into the subsurface, nonaqueous-phase liquids (NAPLs) migrate downward through the unsaturated zone, sometimes reaching the groundwater (Moran et al., 2005) . Volatile organic compound (VOC) fractions of the gasoline, such as benzene, toluene, ethylbenzene, and xylene (BTEX) and methyl tert-butyl ether (MTBE), are potentially toxic or carcinogenic and can seriously affect water quality (Varjani et al., 2017) .
Demands to remediate polluted sites highlight the need to develop a variety of treatment techniques with minimal cost and without causing further environmental disturbance (Jørgensen, 2007) . Bioremediation has been found to be a more reliable, lower cost, and less intrusive method than other conventional treatments (Yadav and Hassanizadeh, 2011) , especially for the unsaturated zone (Das and Chandran, 2011) . Enhanced bioremediation can accelerate the natural processes by which bacteria either degrade the gasoline constituents as a carbon source into less complex byproducts or complete oxidation or mineralization to CO 2 and H 2 O by providing electron acceptors and nutrients and increasing moisture (Wellman et al., 2012) . Typically, for BTEX, aerobic degradation is the most rapid and complete process and is hence preferred in engineered bioremediation (Yadav and Hassanizadeh, 2011) . Bioventing, infiltration, and O 2 -releasing compounds are the most common ways to deliver O 2 to the unsaturated zone (Machackova et al., 2012; Suthersan et al., 2016) .
Remediation efficiency in the vadose zone is greatly dependent on the ability to implement optimal hydraulic and chemical conditions, which enable the proliferation and activity of specific indigenous pollutant-degrading bacteria Aharoni et al., 2017) . These conditions are usually predetermined in laboratory experiments where the parameters, such as the chemical composition of the soil water solution
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and the redox potential and water content of the sediment, are fully controlled. However, under natural field conditions, the lithological heterogeneity (Vervoort et al., 1999; Germann and al Hagrey, 2008; Volkmann and Weiler, 2014) , as well as the unstable flow, which is highly sensitive to hydraulic conditions (Schaefer et al., 2000; Wallach et al., 2005) , pose a great challenge to achieving the desired hydraulic and chemical conditions in the vadose zone. Therefore, real-time information on the actual hydraulic properties of the vadose zone and the chemical composition of the percolating water is essential for selecting the appropriate remediation strategy and achieving optimal degradation conditions . Efficient biodegradation of gasoline components in the unsaturated zone requires an optimal level of soil moisture (Holden et al., 2001; Chen et al., 2007; Sagi-Ben Moshe et al., 2012 ). Low water content may limit biodegradation due to reduced microbial access to the substrate and nutrients. On the other hand, high water content may reduce air permeability and O 2 availability, both of which are essential for hydrocarbon biodegradation. Nevertheless, water percolation in the vadose zone is by definition subject to erratic wetting and drainage cycles following natural rain or flood events as well as artificial irrigation or enhanced infiltration processes Baram et al., 2012; Kurtzman et al., 2016) . While increased water content might result in increased down-leaching of contaminants, low water content may lead to a reduction in the water and nutrient fluxes that are necessary for biodegradation processes. Therefore, direct measurement of water-content variation in the vadose zone is essential for proper management of remediation efficiency.
Compound-specific isotope analysis (CSIA) is often used as a tool for biodegradation assessment (Meckenstock et al., 2002 (Meckenstock et al., , 2004 Hunkeler et al., 2009; Höhener and Ponsin, 2014) . Different biodegradation rates for molecules with light and heavy isotopes induce fractionation and isotopic enrichment within the remaining contaminant pool enriched with 13 C isotopes (Bouchard et al., 2008b; Hunkeler et al., 2011) . This methodology has been applied to assess the fates of BTEX and MTBE in the subsurface.
Contaminant migration in the unsaturated zone not only occurs through liquid flow and transport by the flowing water, it is also affected by volatilization and diffusion processes (Costanza-Robinson and Brusseau, 2002) . Both BTEX and MTBE volatilize from NAPLs, creating a vapor-phase contaminant plume (Christophersen et al., 2005; Pasteris et al., 2002) . Although biodegradation is restricted to the liquid phase, mass removal in the pore water prevents the expansion of gas plume contamination. Water-gas and NAPL-gas partitioning and diffusion, together with biodegradation, affect the isotopic signature of a compound in the gas and liquid phases (Bouchard et al., 2008a) . Nevertheless, isotopic effects from biodegradation may dominate the overall isotopic signatures in the dissolved phase Kuder et al., 2005) and in vadose zone vapor (Bouchard et al., 2008b) .
Concurrent monitoring of the depletion of both O 2 and VOC concentrations and the accumulation of CO 2 in soil gas is another common method for demonstrating biodegradation (Suchomel et al., 1990; Lahvis and Baehr, 1996; Hers et al., 2000; Lamy et al., 2013) . However, this method does not provide definitive evidence for the degradation of a specific compound. Furthermore, an increase in CO 2 concentration can be associated with the degradation of natural soil organic matter and not necessarily the target contaminant.
The essential hydraulic and chemical conditions for biostimulation of hydrocarbon degradation have been well established (Höhener and Ponsin, 2014) . Nevertheless, achieving these conditions in full-scale field setups that include deep sections of the unsaturated zone requires a delicate balance among the factors controlling infiltration, degradation, and transport in the unsaturated zone. Because these processes are known to be complex and unstable, we hypothesize that continual in situ data on pore-water and gas-phase chemical composition as well as hydraulic conditions across the unsaturated zone during remediation treatment will contribute to a more suitable selection of a remediation strategy. In the present study, we investigated in situ bioremediation of a gasoline-contaminated vadose zone; the biostimulation strategy was frequently adjusted on the basis of real-time data on the hydraulic and chemical conditions in the subsurface. Attenuation efficiency of the aromatic fraction of the gasoline as well as MTBE in the vadose zone was examined during treatments involving wetting cycles of water amended with O 2 and nutrients. A vadose zone monitoring system (VMS) installed at the site enabled continuous measurement of the temporal variation in the vadose zone's hydraulic and chemical properties (Dahan et al., 2009; Rimon et al., 2011) . The following data were collected to assess treatment efficiency: (i) variations in the vadose zone water content during wetting cycles; (ii) variations in the MTBE and BTEX concentrations in water and soil gas samples; (iii) variations in the O 2 and CO 2 concentrations in the vadose zone gas phase during infiltration cycles; and (iv) variations in the d 13 C of BTEX and MTBE in both water and gas samples. The real-time data obtained by the VMS were used to modify the remediation strategy by updating the treatment protocols. This study was a full-scale field experiment conducted in a 20-m-thick unsaturated zone under a gas station as part of an ongoing remediation operation.
Materials and Methods

Study Site
A leak from a gas station's underground storage tank in the city of Tel Aviv (Kibbutz Galuyot St.), Israel, resulted in the severe contamination of a 20-m-thick unsaturated zone and the local groundwater. In 2007, the site underwent partial cleanup, consisting of excavation of the topsoil (6.5-by 15-m surface area, 5-m depth) for ex situ treatment. The pit was then backfilled with clean soil (marked as "Excavated zone" in Fig.  1 ), and the land surface was paved with asphalt. In situ remediation was considered for the remaining 15 m of the contaminated unsaturated zone (from a depth of 5 to 20 m) and groundwater.
During the study, a free-phase layer of gasoline (several centimeters thick) was present on the water table (at a depth of ?20 m). This gasoline layer was treated separately through a pump-andtreat method (not reported here). Nevertheless, the layer could potentially have added MTBE and BTEX to the gas phase of the vadose zone with a more pronounced impact in the deeper layer close to the water table.
The geological structure of the area is composed of Pleistocene sand and calcite-cemented sandstone interbedded with marine and continental silty clay lenses (Issar, 1980) . The site contains an upper stratum (0-6.4 m) dominated by clay overlying sand with intermittent calcite-cemented sandstone (6.5-18.6 m). The climate in the area is Mediterranean subtropical, with average annual precipitation of 512 mm falling during the winter (October-April). The average temperatures are 31.2 and 17.8°C in the hottest (August) and coldest (January) months, respectively (Israel Meteorological Service, 2011) . The water table is located at a depth of approximately 20 m, with negligible seasonal fluctuations. Much of the study area is paved with asphalt. Therefore, natural rainwater percolation is negligible and seasonal water-content fluctuations in the vadose zone are limited.
To enhance biodegradation in the vadose zone, a subsurface drip irrigation system was installed at the bottom of the excavated pit (Fig. 1) . The irrigation system enabled water infiltration, controlling the wetting cycles and manipulating the chemical composition of the vadose zone pore water by introducing nutrients and O 2 in the infiltrating water. Prior to installing the irrigation system and backfilling the pit with clean soil, 1700 kg of Enhanced Hydro-Carbon-Oxygen (EHC-O) (Adventus Americas Inc.), a patented buffered source of slow-release O 2 (CaO 2 ) and inorganic nutrients, was spread at the bottom of the pit under the irrigation system to accelerate aerobic biodegradation processes.
Monitoring Setup
Real-time in situ monitoring of water percolation, solute transport, and contaminant degradation in the vadose zone was performed through the VMS installed across the entire unsaturated zone at the remediated site (Fig. 1) . Technical descriptions of the VMS structure, performance, and installation procedures have been presented previously (Dahan et al., 2009 (Dahan et al., , 2014 Rimon et al., 2011; Turkeltaub et al., 2016) . The VMS is composed of a flexible sleeve hosting monitoring units distributed along its length from a depth of 6.4 m, beneath the excavated zone, to a depth of 18 m, near the water table. Each monitoring unit includes: (i) a flexible time-domain reflectometry probe for continuous measurements of the sediment water content (Rimon et al., 2007; Dahan et al., 2008) ; and (ii) a vadose zone sampling port for frequent sampling of the vadose zone pore water and gas phase (Dahan et al., 2009; Turkeltaub et al., 2016) . The depth distribution of the monitoring units across the unsaturated zone is presented as the resulting data points. Additional information on the VMS structure, installation procedure, and performance is presented in the supplemental material.
Experimental Conditions
Infiltration experiments with various water quantities and different amendment methodologies were performed during 2009 to 2014. Continuous measurements of volatile component concentrations and the d 13 C of BTEX and MTBE in water and gas samples collected by the VMS were used for evaluation of the remediation efficiency of each infiltration experiment. The treatment strategy was modified following each experiment based on its impact on the chemical and isotopic composition of the unsaturated zone to improve the attenuation conditions. Accordingly, the next treatment setup was selected through a trial-and-error procedure in an attempt to improve conditions for the expected results of the next step.
The first treatment (13 June-9 Sept. 2009, 86 d) included the application of 420 m 3 of water during a period of 3 mo. The water was applied through the drip irrigation system as a daily pulse, corresponding to an average flux of 0.051 m/d. There were no additional amendments to the infiltrating water in this experiment apart from the EHC-O powder placed under the irrigation system during the installation phase. Fig. 1 . Illustration of a vadose zone monitoring system (VMS) installed in the unsaturated zone under a gas station subjected to remediation through biostimulation. The excavated zone denotes the contaminated area that was excavated for ex situ treatment and was backfilled with clean soil.
The second treatment included application of only 17 m 3 of water in two pulses for 5 d each (16-18 and 23-24 Aug. 2010) , corresponding to an average daily flux of 0.035 m/d. The chemical composition of the water samples collected from the vadose zone after the first infiltration experiment showed a very low concentration of available nutrients (see below). Therefore, in this experiment, 20 L of liquid NH 4 NO 3 fertilizer (1.28 kg/L; 21%, Gat Fertilizers Ltd.) was added to the infiltrating water through the fertilization system.
Results from the first two infiltration experiments indicated that O 2 and nutrient availability in the vadose zone is limited, presenting a major obstacle for biodegradation (Koren et al., 2003; Crawford and Rosenberg, 2013) . Accordingly, a third infiltration experiment was designed to increase O 2 and nutrient availability in the percolating water. An oxygenating device, which consisted of a bubbling porous stone connected to a pressurized O 2 source, was embedded in the streaming water flow. The average soluble O 2 concentration in the applied water reached 35 mg/L. In addition, 12 kg of common commercial fertilizer (NH 4 NO 3 , KNO 3 , NH 4 H 2 PO 4 , Haifa Chemicals Ltd.) was added to the infiltrating water. In this experiment, the wetting strategy was to maintain high water content with minimum water usage to minimize the down-leaching of contaminated water to the aquifer. This trial was conducted for 36 d (12 Aug.-18 Sept. 2013) with a total volume of 98 m 3 , equivalent to an average daily flux of 0.028 m/d (Table 1) .
Sampling and Analyses
Water and gas samples were collected by the VMS for chemical and isotopic analyses. Major ions were analyzed by ion chromatography (Dionex 4500I). Metals and trace elements were analyzed by inductively coupled plasma-optical emission spectrometry (Agilent, ICP Varian, 720 ES) after filtration through 0.45-mm filters and acidification by HNO 3 (the detection limit in this analysis was 0.002 mg/L). The MTBE and BTEX concentrations in the pore-water samples were analyzed by gas chromatography-mass spectrometry (Thermo Scientific) based USEPA (2006) . Stable C isotope analysis of BTEX and MTBE was performed using a Trace GC Ultra gas chromatograph (GC; Thermo Scientific) coupled to a Delta V Plus isotope ratio mass spectrometer (IRMS; Thermo Scientific) via a GC-CIII combustion interface (Thermo Scientific). The VOCs were extracted from the water samples using a Tekmar Atomx Purge & Trap system (Teledyne) and transferred to the GC through a heated transfer line. Operating conditions for the Purge & Trap-GC/IRMS system were according to Gafni et al. (2016) . Soil gas was extracted from the VMS with a 60-mL disposal syringe after the trapped gas residue was purged with a vacuum pump. Samples were transferred to 20-mL vials with Viton stoppers together with crimp seals (Wheaton) by exchanging distilled water with the soil gas. The samples were then analyzed for O 2 and CO 2 concentrations in the GC (Bruker Scion 456), which was equipped with two HAYSEP columns and a molecular sieve column. The oven temperature was kept at 40°C, and the injector and thermal conductivity detector were maintained at 100 and 250°C, respectively. Air was used as the standard, and the analytical error was 1%.
Results and Discussion
The data obtained by the VMS are presented as variations in measured parameters with depth, as commonly done to describe depth profiles. However, to ensure measurements under undisturbed vertical profiles, the VMS was installed in a slanted orientation (Fig. 1) . Accordingly, each monitoring unit is positioned under a different sediment column, creating a set of independent sampling points that are shifted horizontally and vertically from each other. Consequently, although the data are presented as depth profiles, they should be regarded as individual points distributed in the three-dimensional space of a vadose zone, which obviously includes a certain extent of natural heterogeneity Rimon et al., 2007) . Deviation from the uniform flow and transport pattern that might be obtained from a theoretical one-dimensional vertical model is therefore expected (Turkeltaub et al., 2015; Dahan et al., 2017) .
Three infiltration experiments were conducted with variable water volume and flux and with different water-enrichment methods (Table 1 ). The experimental conditions in each experiment were set according to the results and knowledge gained from the previous stage to improve attenuation conditions across the deep sections of the unsaturated zone. The first infiltration experiment constituted a first attempt to infiltrate enriched water into the unsaturated zone. In this experiment, water amendment was based on EHC-O powder that was initially spread under the irrigation system during the site-construction phase. As discussed below, the results from the first experiment indicated an N limitation and potential excess use of water. Accordingly, the second and third infiltration experiments were conducted with smaller water volumes and fluxes and with different water amendments, aiming to improve attenuation while reducing down-leaching of contaminants to the groundwater.
Water Infi ltration
Water application in the infiltration gallery, beneath the excavated zone (Fig. 1) , initiated percolation events that were expressed as a sequential wetting of the vadose zone. These wetting events were recorded by the VMS as temporal increases in the sediment water content followed by decreases during the drainage phase (Fig. 2) . Throughout all of the infiltration events, the measured water content in the entire unsaturated zone remained low, below saturation values, and fluctuated in a narrow range of 0.05 to 0.16 m 3 /m 3 in sandy layers (7-18.5 m) and between 0.24 and 0.35 m 3 /m 3 in the clay layer (6.4 m). The wetting events showed that the maximum wetting capacity of the sandy part of the vadose zone, which forms most of the cross-section, is not sensitive to the amount of water applied to the subsurface. The first infiltration event, which was conducted with 420 m 3 (average daily flux of 0.051 m/d), resulted in a maximum water content that was not significantly different from those generated with 17 m 3 (average daily flux of 0.36 flux m/d) and 98 m 3 (average daily flux of 0.028 m/d) (Fig. 2) . The maximum water-content values measured in the sandy cross-section during all three infiltration events, 0.07 to 0.14, 0.07 to 0.11, and 0.07 to 0.16 m 3 /m 3 , were relatively low and far below saturation values for sandy sediment (?0.3 m 3 /m 3 ). Such water-content values correspond to <50% of the saturation degree. A limited wetting capacity of sandy sediment during infiltration events is expected and has been recorded in other studies (Rimon et al., 2007; Dahan et al., 2008; Amiaz et al., 2011; Turkeltaub et al., 2015) .
Efficient bioattenuation in the vadose zone requires an optimal water content that does not limit gaseous O 2 diffusion and substrate mobilization to the bacteria water film (Holden and Fierer, 2005; Holden, 2012) . Obviously, these conditions are dependent on soil texture, which controls moisture values at saturation and field capacity (Schjønning et al., 2003; Kristensen et al., 2010) . Although elevated water content in the soil is essential for enhanced bioattenuation (Walworth et al., 1997; Holden et al., 2001; Holden and Fierer, 2005) , the results indicate that the highest moisture content measured during an infiltration event remains relatively low and application of a larger water volume or fluxes does not significantly increase the sediment water content.
In contrast, maintaining maximum water content for a long time will have a negative impact through enhanced down-leaching of contaminants from the unsaturated zone to the groundwater. Therefore, real-time measurement of variations in sediment water content with respect to the applied water regime is essential to maintaining the required water content while minimizing contaminant down-leaching to the groundwater.
Nutrient Availability in the Vadose Zone
In gasoline-polluted soil, a certain ratio of C (from the gasoline) and N (fertilizer) needs to be maintained to ensure constant microbial activity. A C/N/P ratio of 100:10:1 is needed in the pore water (Sarkar et al., 2016) . As seen in Fig. 3 , the amount of NO 3 − is meager along the soil profile, in contrast to the high C content detected from BTEX and MTBE in the soil pore water (Fig. 4) . Using NH 4 NO 3 as fertilizer allows rapid leaching of N to the deeper layer. Additional information on chemical composition is provided in Supplemental Table S1 .
Volatile Organic Compounds in the Vadose Zone
Throughout the treatment period, water and gas samples were collected from the vadose zone for MTBE and BTEX analysis (Fig.  4) . Concentrations of additional contaminants (xylenes, ethylbenzene) are presented in Supplemental Table S2 . Here we refer to MTBE, benzene, and toluene as typical representatives of fuel contaminants (Johnson et al., 2000) . The concentration distribution across the unsaturated zone, as measured in water and gas samples obtained by the VMS, exhibited a very low contaminant presence at the top of the profile (0 and 0.2 mg/L MTBE at 6.4 and 8.15 m, p. 6 of 11 respectively) and higher concentrations in the rest of the profile (89 and 67 mg/L MTBE at depths of 9.9 and 18.5 m, respectively). There are several possible reasons for the fact that measured concentrations at the shallowest points are very low, although they appear to be closest to the pollution source. We assume that due to the slanted installation, the sampling points are located at the edge of the excavated zone (Fig. 1 ) and the sediment in this area is less contaminated by the fuel leak than points located near the center of the excavated area immediately under the source of the leak.
Comparing concentration profiles of fuel constituents (MTBE, benzene, and toluene) in the sediment pore water before and after each treatment showed different attenuation patterns for the various compounds during the treatments (Fig. 4) . Variations in contaminant concentration across the profile enabled calculation of contaminant mass reduction across the profile during each treatment. The weighted mass reduction during the first infiltration experiment, which included the application of 420 m 3 of water with no further amendments aside from the EHC-O powder, showed a significant reduction in MTBE (49.6%), a milder reduction in benzene (28%), and a minor reduction in toluene (11.2%) across the profile. The initial MTBE concentration in the liquid sample (prior to treatments) was the highest of all of the constituents, reaching a maximum concentration of 89 mg/L, as expected from its solubility and general percentage in fuel (Supplemental Table S3 ). However, since MTBE has a relatively high solubility in water, the decrease in its concentration was attributed mainly to down-leaching with the large mass of water that was used in this experiment, and less to biodegradation. This assumption was supported by the fact that the less soluble compounds, such as toluene (Supplemental Table S3 ), displayed insignificant concentration decreases during this treatment (Fig. 4) . In an attempt to discern the bioattenuation-limiting factors during the first experiment, we also found that the pore water was depleted of available N (NO 3 − or NH 4 + ) (Fig. 2) .
The limited mass removal observed in the first experiment, combined with the observations of no available nutrients in the pore water and a limited increase in water content, drove the design of the second percolation experiment. Only 17 m 3 of water was used, at an average flux of 0.036 m/d for a total period of 5 d, to reduce down-leaching while maintaining a relatively high water content. However, in this experiment, the water was fortified with N as a common agricultural fertilizer. A comparison of the concentration profiles in the pore water for the period before and after the second experiment showed additional reductions in contaminant mass across the profile (13.7% MTBE, 23.7% benzene, and 24.2% toluene). A closer look at the MTBE profiles shows that a slight increase in concentration took place during the period between the first and second experiments (Fig. 4) . This concentration increase might be attributable to NAPL contamination across the unsaturated zone. Thus during the intensive flushing of the first experiment, the concentration in the mobile water phase dropped dramatically. Once the infiltration was stopped and the drainage reduced, the MTBE concentration in the water increased due to new release from the non-mobile water phase and NAPL micro-zones in the sediment. Nevertheless, the second infiltration experiment also resulted in a significant reduction in MTBE concentration, a mild decrease in benzene concentration, and an insignificant reduction in toluene concentration, suggesting that bioattenuation was still limited (Fig. 4) .
Following the limited attenuation achieved in the first two experiments, a third experiment was designed to further improve bioattenuation conditions in the vadose zone. This experiment was conducted with oxygenated water containing nutrients from common fertilizers through four wetting cycles with a lower flux of 0.028 m/d. A comparison of the concentration profiles before and after the third treatment show remarkable reductions in MTBE and BTEX concentrations in both the water and gas phases (Fig. 5) , with an average mass reduction of 69.1% MTBE and 67.9% toluene. Note that the initial benzene concentration during this experiment was already very low (Fig. 4) .
Overall contaminant removal from the entire profile after the third experiment reached 92% for MTBE and an average of 80% for the other compounds. Observations from the vadose zone show that during the first and second experiments, reduction in MTBE was significantly higher compared with BTEX, suggesting enhanced leaching and only minimal bioattenuation. Nevertheless, following the second and third infiltration experiments, which were conducted with enriched water under lower fluxes, a significant reduction in concentration of all compounds was observed, suggesting that preferred conditions for bioattenuation had been achieved.
Oxygen and Carbon Dioxide in Soil Gas
The relationship between sediment water content and O 2 and CO 2 concentrations in the soil gas provided an indication of biological activity in the unsaturated zone during the infiltration experiment (Fig. 6) . Infiltration of oxygenated water during the third experiment caused an immediate increase in the gas-phase O 2 concentration, from 11.3 to 20.8%, in the top layer. This increase corresponded well with the arrival of the wetting front and the measured increase in water content. The high O 2 concentration in the clay layer remained high and stable throughout the entire infiltration experiment and decreased only during the drainage phase. The stability of the O 2 concentration in this layer suggests that the O 2 consumption occurring there during this period was negligible. Nevertheless, it should be noted that contaminant concentration in this zone was also very low (Fig. 4) . However, 4 mo after drainage and the reduction in water content, a significant drop in the O 2 concentration to 6.5% was recorded, substantially lower than the initial concentration. In contrast to the top layer, only a slight increase of, on average, 3% was measured in the rest of the profile during the wetting phases. Nevertheless, during drainage and water-content reduction, significant O 2 depletion was observed in most of the vadose zone, reaching an average concentration of 1.8% and suggesting higher O 2 demand in the contaminated layer.
The CO 2 concentration in the top layer, where a high O 2 concentration and low contaminant content were measured (Fig. 6) , remained very low (0.1%) during the entire period, again suggesting low oxidation of organic material in this layer. However, the CO 2 concentrations in the deeper sandy layers exhibited significant fluctuations during the wetting and drainage periods. A general trend of concentration increase to very high values, ranging between 9.6 and 16.1%, was observed across the entire vadose zone. Note that in a few cases (depths of 8.15, 9.9, and 16.8 m), a quick rise in CO 2 concentration was observed with the arrival of the wetting front, along with a simultaneous decrease in the O 2 concentration. Apparently, the initial CO 2 concentration measurements at our site were lower than those reported in the contaminated site (Wood and Petraitis, 1984; Hendry et al., 1999; Holden and Fierer, 2005) , suggesting limited initial biodegradation in the deep section of the vadose zone. However, following infiltration of the enriched water, the increased water content, higher O 2 availability, and significant increase in CO 2 suggest that conditions for microbial activity in the vadose zone became more favorable as the experiment progressed. Note that these results correspond well with the decrease in contaminant concentrations observed with this treatment (Fig. 4) .
Compound-Specifi c Isotope Analysis of the Vadose Zone Pore Water and Gas Phases
Assessing biodegradation processes through CSIA in the vadose zone is considered a challenging task. Simultaneous processes involving mass transfer, along with biodegradation, may affect both the concentrations and the isotopic compositions of the contaminants, making assessment of the process complex. In general, biodegradation, leading to the cleavage of chemical bonds in the molecule, is expected to result in an increase in d 13 C of the contaminants in the dissolved phase (Meckenstock et al., 2002 (Meckenstock et al., , 2004 . However, it has been demonstrated that significant variability in C isotope fractionation is possible during aerobic biodegradation (Rosell et al., 2012) .
The temporal and spatial transformation of d 13 C in BTEX and MTBE in the water samples from the vadose zone during the infiltration experiments exhibited enrichment in 13 C between the initial values, measured before wetting (6 Mar. 2013) , and those of the last sampling campaign (29 May 2014) (Fig. 7) . A progressive d 13 C enrichment of ?2‰ was observed in benzene, toluene, and other VOCs (not presented here). This isotopic enrichment agrees well with other studies on the aerobic degradation of BTEX and MTBE in microcosms from contaminated sites (Meckenstock et al., 2004) . The combination of a decrease in contaminant concentrations and enrichment with heavy isotopes in the pore water suggests that biodegradation played a significant role in the attenuation of the studied contaminants.
While the BTEX isotopic composition exhibited progressive d 13 C throughout the treatments, the MTBE transformation showed a mixed trend of depletion and enrichment in the 13 C isotope throughout the monitoring period. Nevertheless, it should be noted that the evolution of d 13 C in MTBE in the vadose zone may also be impacted by transport processes (Bouchard et al., 2008b) . A significant decrease in MTBE concentration was observed during the first infiltration experiment, in which no significant biodegradation occurred (Fig. 4) . Field studies , benzene, and toluene concentrations in gas sampled from the vadose zone before, during, and after the infiltration experiments with O 2 -and nutrient-amended water; mbgs is meters below ground surface.
addressing the aerobic bioattenuation of MTBE in the saturated zone have suggested its inhibition by BTEX compounds due to either preferred utilization of the latter or depletion of electron acceptors and nutrients (Gafni et al., 2016) . Indeed, aerobic MTBE degradation by the model bacterium Methylibium petroleiphilum PM1 was inhibited by BTEX (Joshi et al., 2016) . However, during the last period, water content across the unsaturated zone was relatively low and stable, and therefore mobility of MTBE was minor. Therefore, we suggest that the decrease in MTBE concentration along with slight 13 C isotopic enrichment in the latter stages can be attributed to biodegradation. In contrast to the dynamic variations in isotopic composition that were measured across the unsaturated zone during the infiltration experiments, the isotopic C signatures of MTBE and BTEX compounds in the groundwater samples remained stable throughout the entire period (Fig. 7) .
In addition to fractionation due to microbial degradation, abiotic processes such as diffusion and volatilization might also be accompanied by some isotopic fractionation, which must be taken into account (Pasteris et al., 2002; Bouchard et al., 2008a; Kuder et al., 2009; Jeannottat and Hunkeler, 2012) . Molecules containing 13 C atoms are expected to diffuse more slowly than those with only 12 C atoms, a process that causes significant isotopic fractionation (Bouchard et al., 2008a (Bouchard et al., , 2008b . Therefore, fractionation by diffusion counteracts fractionation by biodegradation (Bouchard et al., 2011) . Vaporization processes, including NAPL-vapor equilibration and airwater partitioning, cause a small increase in the d 13 C value of vapor compared with that of pure liquid, known as the "inverse isotope fractionation" effect (Harrington et al., 1999; Kuder et al., 2009) . Whenever biodegradation in the unsaturated zone is limited, it is assumed that the physical processes causing fractionation will produce a uniform isotope composition within the unsaturated zone .
To understand the relative influence of the physical processes on isotopic fractionation in the vadose zone, we monitored the transformation of the C isotope ratio in the gas phase. In general, all contaminants showed small progressive enrichment values of ?1.3‰, on average, in d 13 C at the shallower depths (<9.9 m), where lower contaminant concentrations were measured. However, only minor and insignificant enrichment was measured in the deeper sections where concentrations were higher, and free-phase NAPLs were often observed in the soil pore-water samples. Isotopic fractionation within the free phase due to biodegradation is expected to be insignificant. Therefore, it is more likely that NAPL hot spots along the unsaturated zone were the source for the vapor isotopic signature of the contaminant by diffusion and vaporization processes.
Although the isotopic enrichment that was observed in the pore water is relatively small (?2‰) it can still be used as a significant indication of biodegradation processes. If abiotic isotopic fractionation is weaker than biodegradation, a similar trend of progressive enrichment can be expected in the vapor phase. However, an examination of the four sampling campaigns of the vapor phase showed unexpected results, whereby the first (9 Oct. 2013) and last (29 May 2014) sampling campaigns were more positive. The observed results suggest that during the transient stage, when clean water percolated throughout the vadose zone, BTEX vaporliquid partitioning occurred, with vapor diffusing into the less contaminated water. This also suggests that light isotopologues would preferentially diffuse into the solute, leading to enrichment with heavy isotopologues in the vapor phase (Bouchard et al., 2008a) .
Environmental Signifi cance
A challenge associated with the in situ remediation of vadose zone contamination is the delivery of nutrients to the subsurface in a manner that limits downward contaminant displacement to the groundwater. Real-time data obtained from the vadose zone by the VMS showed that during the infiltration experiments conducted with large volumes of water, contaminants in general, and MTBE in particular, leached down toward the groundwater. We found that smaller water fluxes led to an increase in the soil moisture to maximal levels while minimizing the risk of contaminant displacement.
The chemical characteristics of the vadose zone pore water indicated that infiltrating O 2 -enriched water from an infiltration gallery has a limited effect on the deep sections, although an increase in O 2 at some depths was observed during the wetting event. Moreover, the increase in O 2 content corresponded well with the wetting-front propagation, and changes were observed down to 15 m.
An increase in the CO 2 concentration was observed during the wetting event; however, maximal levels were measured during the drainage phase, especially in the last sampling campaign, 3 mo after wetting ended. The results of this study demonstrate that keeping sediment moisture high and steady with sufficient nutrients over time is required to promote biodegradation.
The aqueous-phase C fractionation in benzene and toluene demonstrated a progressive enrichment of about 2 to 3 ± 0.5‰, depending on the compound and depth, probably indicating biodegradation. The mobility of MTBE in the unsaturated zone during the infiltration process resulted in mixing processes that might mask the isotopic fractionation due to biodegradation and limit the ability to use isotopic composition to distinguish between physical and biological fractionation. The CSIA of pollutants in the vapor phase showed that diffusion and vaporization have opposite fractionation effects (Bouchard et al., 2008a) , resulting in uniform isotope profiles across the unsaturated zone (Fig. 7) .
Conclusions
A remediation experiment was conducted for a gasoline-contaminated deep vadose zone through infiltration of O 2 -and nutrient-enriched water in an attempt to biostimulate the degradation of hydrocarbons. The impact of treatment strategy, in terms of infiltration rate and water-amendment method, on contaminant degradation was measured in situ using a VMS. This system enabled continuous tracking of variation in the unsaturated zone pore-water and gas-phase chemical and isotopic compositions, as well as variation in the profile's moisture during the remediation process. Real-time observation of the unsaturated zone enabled adjusting the remediation strategy to improve the biostimulation process and enhance biodegradation of the target compounds. In the course of three infiltration events, in which the remediation treatment was improved each time on the basis of information gained from the previous treatment, a significant reduction in contamination mass was achieved across the unsaturated zone.
The isotopic signature of MTBE and BTEX showed that "hot spots" of NAPLs dispersed within the vadose zone form a source of vapor-phase contaminants. Comparison of the isotopic composition of volatile contaminants in the water and gas phases showed that relying solely on the isotopic composition of the gas phase is not a conclusive tool for assessing biodegradation in the vadose zone environment due to flow and transport processes that mobilize contaminants during the treatment. Combining simultaneous measurements for CSIA from both the aqueous and vapor phases across the unsaturated zone can indicate both biotic and physical processes.
